Methane is the simplest organic molecule, and like many supposedly simple molecular materials it has a rich phase diagram. While crystal structures could be determined for two of the solid phases, that of the low temperature phase III remained unsolved. Using high-resolution neutron powder diffraction and a direct-space Monte Carlo simulated annealing approach, this fundamental structure has now finally been solved. It is orthorhombic with space group Cmca, and 16 molecules in the unit cell. The structure is closely related to that of phase II, yet is no subgroup of it.
Methane ices are fascinating fundamental solids and, analogous to water ices, have been investigated extensively over the past 60 years using a variety of experimental techniques and theoretical methods. Recently, the methane clathrates, inclusion compounds composed of both H 2 O and CH 4 have attracted considerable attention.
1 Methane is the simplest organic molecule. However, the apparent simplicity of this fundamental molecule belies the structural complexity of the solid-state phase diagram. Of at least seven known phases of solid methane, 2, 3 only the two cubic phases have been completely solved. 4, 5 In both cases the carbon atoms in the center of the tetrahedral molecule occupy a face-centered cubic ͑fcc͒ lattice, demonstrating a tendency of the methane molecules to approximate to spheres and to form close packed crystal structures. 6 In phase I, which at ambient pressure is stable below a melting temperature of about 90 K and above Tϭ20.4 K ͑CH 4 ) and Tϭ27.0 K ͑CD 4 ), all of the tetrahedral molecules are orientationally disordered. In phase II, below these temperatures, the orientation-dependent octupole-octupole interaction leads to partial orientational order. The crystal structure is described in the spacegroup Fm3c, with six orientationally ordered sublattices and two disordered sublattices. It is sometimes referred to as ''antiferrorotational.'' 4, 5 The existence of phase III of solid methane has been known for more than 60 years. 7 For CD 4 it is the stable phase below 22.1 K, while for CH 4 moderate pressure ͑у200 bar͒ is required in addition to low temperature in order to stabilize the phase. An extensive literature regarding excitations in phase III is available. However, knowledge of the crystal structure is a prerequisite for the full understanding and interpretation of the experimental data. By far the most complete theoretical analysis of the phase III structure has been performed by Maki et al. 8 The original approach of James and Keenan 5 is restricted to the interaction of electrostatic octupole moments, the lowest order moment of the methane molecule. Maki et al. add a crystal field term ͑which goes beyond electrostatics͒ which only depends on the orientation of the molecule considered. As the analysis is done on a rigid face-centered cubic center of mass ͑c.o.m.͒ lattice, to leading order, the crystal field acts on the hexadecapole moments of the molecules. With this extended James and Keenan model, they suggest the tetragonal space group P4 2 /mbc as the most stable low temperature structure.
Despite strenuous efforts, the crystal structure of CD 4 -III has remained unsolved for a number of reasons. In retrospect, three major obstacles to structure solution can be identified: ͑1͒ It is extremely difficult to grow powder samples of sufficient quality and it is virtually impossible to grow single crystals of phase III. ͑2͒ A pseudosymmetric cell obscured the determination of the correct space group. With the knowledge of the structure presented here, it is now clear that previous published and unpublished efforts using diffraction-from Gissler 9 and Arzi 10 to Press 11 and Prokhvatilov 12 -had little chance to solve the problem. ͑3͒ Software for crystal structure solution from powder diffraction data by direct-space methods was not readily available.
Prompted by the fundamental nature of methane, and the high current level of interest in the complex phase behavior of such simple molecules in the crystalline phase, 13 we have tackled the methane phase III problem once again, this time using very high-resolution neutron powder diffraction. With improved in situ crystallization techniques, and the ability of neutron diffraction to provide full structural information including the positions of H͑D͒ atoms, we aimed to produce a a͒ Present address: Avant-garde Materials Simulation SARL, 8bis, rue Charles Despeaux, F-78400 Chatou. In this latest attempt, neutron powder diffraction data from solid CD 4 were recorded using the high-resolution neutron diffractometer ͑HRPD͒ at the pulsed spallation source ISIS, Rutherford Appleton Laboratory, UK. HRPD utilizes the time-of-flight method and offers a constant resolution ⌬d/d of some 0.05%. Special care was taken to produce a high-quality powder sample, that had to be of high crystallinity and strain-free with as little preferred orientation as possible. Instead of crystallizing the sample from the liquid phase at the melting temperature, which inevitably gives rise to large crystallites condensation from the gas phase at about 7 K was used to produce a nanocrystalline methane snow. After this ''shock-therapy'' careful annealing at temperatures around 50-60 K led to polycrystalline samples very close to the desired quality. The procedure is not straightforward. Short annealing at relatively low temperature yields very good sample isotropy but very small crystallites broaden the Bragg peaks, negating the high instrumental resolution. On the other hand, long annealing at high temperatures gives rise to large crystallites and sharp diffraction peaks, but inevitably leads to pronounced preferred orientation. A compromise had to be found on the instrument by monitoring the size of crystallites via the width of the Bragg peaks. In the present instance, the crystallinity of the sample, with a volume of 2 cm 3 , results in a resolution ⌬d/d of 0.22% with a scatter of intensities due to preferred orientation effects of approximately 10%. 14 The amount of preferred orientation of the sample was initially estimated from refinements with independent data sets of CD 4 -I and CD 4 -II, obtained from the same sample. CD 4 -III data were recorded at Tϭ18 K, only slightly below the phase II-III transition at 22.1 K, and covered a d-spacing range of 0.83-3.67 Å.
It was already known from earlier work that the phase III diffraction pattern has a certain similarity with that of phase II. 4 Apparently, the C atoms in the center of the methane molecules comprise a lattice close to a face-centered cubic structure and correspondingly a relation with the orientational order of phase II is suggested. Furthermore, highresolution inelastic neutron scattering experiments indicate the absence of quantum mechanically free rotation. Instead, a relatively large number of tunneling lines is observed, [15] [16] [17] which can be related to the onset of complete orientational order in phase III. A very good fit of this observed tunneling multiplet is obtained using a two-site model with either mirror planes at both molecular sites or a twofold axis at one and a mirror plane at the other [15] [16] [17] which is in agreement with the structure proposed in the following. The well documented first-order nature of the II-III transition puts a group-subgroup relation in question.
An initial analysis of our neutron data suggested a tetragonal primitive cell with cϭ11.708 Å and aϭb ϭ8.187 Å ͑this effectively corresponds to a 1.0% tetragonal distortion of the original cubic structure͒, containing 16 molecules per unit cell. The structure within space group P4 2 /mbc, as suggested by Maki et al. 8 was not in agreement with the neutron powder data. There also was no convergence when fitting the diffraction profiles with models using selected tetragonal space groups of high symmetry and in accordance with the observed extinctions. After further failures to fit the data on the basis of the three low symmetry tetragonal space groups P4, P4 2 , P4 a more radical approach was taken.
The state-of-the-art software package Reflex Plus 18 was used, which is based on the Powder Solve approach. 19 Guided by a Monte Carlo simulated annealing algorithm, large numbers of trial structures are generated. A powder diffraction pattern is calculated for each trial structure and compared to the experimental data. The goal of the procedure is to find the global minimum of the weighted Rietveld parameter R wp that measures the agreement between the calculated and experimental powder pattern.
Structure solution was attempted in the 29 tetragonal space groups that can account for all experimentally observed Bragg peaks. Assuming a nearly face-centered cubic arrangement of localized molecules, all possibilities of placing molecules on special positions were explicitly taken into account. Each molecule in the asymmetric unit was defined as a rigid body. After discarding all tetragonal space groups, the search was extended to the orthorhombic crystal system and the structure was finally solved in Cmca, one of the two orthorhombic space groups that are in best agreement with the observed systematic absences. The lattice constants were found to be aϭ11.7079(1) Å, bϭ8.1893(1) Å, and c ϭ8.1842(1) Å, the small splitting of 0.06% of the cell parameters b and c being difficult to detect from the available experimental data. The numbers in brackets denote the error which is in the 0.001% range. Our success in achieving the crystal structure solution of phase III of methane is the result of a systematic search in a large number of space groups. The ability to carry out such a search is closely linked to the use of a novel, fast and easy-to-use software tool.
The phase III structure within the space group Cmca has 16 molecules in the unit-cell. Half of the molecules lie on mirror planes perpendicular to the a axis at xϭ0 and x ϭa/2 ͑sites A͒, while the other eight molecules occupy positions on twofold axes parallel to the a axis at xӍa/4 and xӍ3a/4 ͑sites B͒. As expected, the carbon atoms in the center of the CD 4 tetrahedra adopt a nearly face-centered cubic arrangement.
The Rietveld package GSAS 20 was used to perform the final structure refinement. Treating all molecules as rigid bodies, R wp ϭ3.9% was obtained with 24 structural parameters and 31 profile parameters ͑Fig. 1͒, which improved to R wp ϭ3.4% when dropping the rigid body condition. There is virtually no departure of the c.o.m. of the molecules from the ideal fcc positions on sites A, while the displacement for molecules located on sites B are relatively large ͑ϳ0.18 Å, see Table I͒ .
More dramatic effects concern the orientational order in phase III ͑Fig. 2͒, though a relation with that of phase II remains. Taking the mirror plane at xϭ0 as reference, the molecules in this plane have similar orientations as in phase II, while those on the mirror plane at xϭa/2 are flipped by an angle of about 90°. The departure from the high symmetry orientation of phase II (4m2) is Ϯ4.5°. In the planes at x Ӎa/4 and xӍ3a/4 the molecules already ordered in phase II remain close to their original positions and orientations, with a change of orientation by 5.2°͑Table I͒. The formerly disordered molecules order. At all sites the librational amplitudes are about 15°half width at half maximum. In summary, 8 of the 16 molecules in the unit cell hardly change their orientation, 4 flip by about 90°, and 4 order orientationally. Evidently, there cannot be a group-subgroup relationship between the structures of phase II and phase III.
While the ordering of the molecules in the planes perpendicular to the a axis is very reminiscent of that in phase II, the stacking along the a axis is different and energetically less favorable as can be concluded from the lattice expansion along this direction. Obviously complete orientational order of tetrahedra on a fcc lattice is connected with frustration effects.
When the temperature is lowered with the passage from phase I to phase III the interaction energy gradually defeats entropic effects. As a consequence, the molecules are observed to undergo transitions from complete orientational disorder ͑phase I͒ to partial order ͑phase II͒ and, finally, to complete order in phase III. Details of the interaction become important, and lead to lower symmetry, thus removing the symmetry of the phase II structure. Details of the c.o.m. arrangement probably are important for minimizing the free energy in phase III. In our opinion, Maki et al. 8 did not succeed with their calculation because it was based on an unperturbed c.o.m. lattice and they only considered subgroups of the phase III structure.
Application of this new structural knowledge will enable a better theoretical understanding of CD 4 -III to be obtained. Lattice energy calculations will provide a stringent test of what is known about interactions in solid methane. 21 The crystal structure of phase III will challenge the understanding of the interaction at low temperature and close to normal pressure. In addition, its solution will enable the full analysis of a considerable amount of experimental data of a compound that has been thought to be the ''simplest'' organic solid. For example, the tunneling spectra can now be ex- In the plane at xϭ0 ͑a͒, only small rotations and translations, the latter within the plane, occur. As can be seen, the translation is the major effect.
The site symmetry at the molecular c.o.m. is m͑100͒. In the plane at x Ϸa/4 ͑b͒ the most important effect at the IIϪϾIII phase transition is the ordering of the previously disordered molecules, which are depicted as large spheres. Furthermore there is a small rotation of the other molecules around an axis perpendicular to the plane and an out of plane translation. The site symmetry at the molecular c.o.m. is 2͑100͒. The other important change with respect to phase II is a reorientation of methane molecules in the planes at xϭ0 and xϭa/2. ͑c͒. The molecules rotate about 90°within the plane. Apart from this flip small translations within the plane occur. In phase III the two planes are connected by the translation ϩ͑1/2 1/2 0͒ which does not exist in phase II. The planes at xϷa/4 and at xϷ3a/4 ͑d͒ are connected in the same way. The symmetry operation now relates ordered and disordered molecules of phase II.
plained fully. 22 Earlier neutron tunneling spectroscopy, as outlined in Ref. 16 , was rather close to finding the correct structure in also pointing to a two-sublattice structure with appropriate site symmetries. In addition, there is a host of optical spectroscopic data [23] [24] [25] [26] [27] also used to identify the phase III structure. Revisiting these publications leads to the conclusion that a derivation of the correct space group from all these data seems impossible, while there is no contradiction to the results of a factor group analysis ͑which allows more peaks than actually observed: peak intensities may be too weak and also there may be degeneracies͒. Methane is known to occur in planetary environments and it is hoped that this work will reinvigorate investigations of the highpressure structures 28, 29 of solid methane. High pressure is thought to render the effect of the crystal field more important as compared to the orientation dependent interaction. Apparently, at high pressures there is a transition from perturbed fcc to perturbed hcp structures. It has been predicted, and in the meantime observed, that methane dissociates at very high pressures. 30 The approach presented in this paper is generally applicable to the structure elucidation of the various solid phases of other small molecules.
